Introduction
Bendamustine is a unique alkylating agent that has structural similarity to purine analogs. It shows low crossresistance with other alkylating agents and has been demonstrated to be active for indolent B cell lymphomas and many other lymphoid malignancies [1] [2] [3] [4] [5] [6] [7] [8] , but several distinctive toxicities are recognized. Skin toxicity is one of its characteristic adverse effects, and previous clinical studies have suggested that the frequency of skin reactions varies among different countries. For example, skin reactions of any grade were reported in 15-24 % of patients with indolent B cell lymphomas and mantle cell lymphoma in the StiL NHL-1 and BRIGHT studies [1, 2] , but they were reported to have appeared in 46 % of patients with the same disease subtypes in a phase II study in Japan [9] . Although most of the skin reactions are not severe, they are pruritic and often persistent, and affect the quality of life of patients for several months. Presently, there is no detailed clinical information on the skin toxicity of bendamustine, except for some case reports of severe courses [10] [11] [12] [13] , so we aimed in this study to clarify it by retrospectively analyzing patients treated with bendamustine and rituximab (BR).
Patients and methods
Thirty-four patients who were treated for 3-6 cycles of BR therapy in Kyoto University Hospital were included in this study. The patients consisted of those with relapsed or refractory indolent B cell lymphomas and mantle cell lymphoma, with a median age of 63 years (range 37-79 years). They were scheduled to receive 90 mg/m 2 × 2 days bendamustine and 375 mg/m 2 rituximab every 28 days. The median number of previous therapies applied was 1 (range Abstract Bendamustine is a chemotherapeutic drug that has recently come to be used frequently in the treatment of indolent B cell lymphomas. Skin toxicity is recognized as one of its characteristic side effects, but detailed information on such reactions has not yet been obtained. To clarify the clinical features of skin toxicity associated with bendamustine, we retrospectively analyzed skin reactions that developed in patients treated with bendamustine and rituximab (BR). Of 34 patients treated with 3-6 cycles of BR, 11 developed lateonset, persistent skin eruptions. These patients demonstrated increases in CD8 + T cell number and CD8
+ :CD4 + cell ratio at the end of chemotherapy. In contrast, peripheral eosinophil count was not associated with such adverse events, whereas eosinophil infiltration was frequently observed in the skin. Patients with skin reactions tended to have higher seropositivity of hepatitis B core antibody, and multiplex viral screening PCR of the frozen sera demonstrated cytomegalovirus-DNA in some of the eruption-positive patients. It is speculated that inappropriate activation of CD8 + T cells by latently infected pathogens may be one of the triggers of late-onset skin reactions caused by bendamustine.
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+ T cells · Cytomegalovirus Momoko Nishikori and Toshiyuki Kitano contributed equally to this work. 1-5): 6 patients had previously received fludarabine treatment, 1 patient had received ibritumomab tiuxetan, and 3 patients had a history of autologous stem cell transplantation. All patients received prophylaxis with sulfamethoxazole-trimethoprim and acyclovir.
Total and differential white blood cells were measured with an automatic cell counter. CD4-and CD8-positive cells were analyzed by flow cytometry using anti-CD4 and anti-CD8 antibodies (T4-FITC and T8-RD1, Beckman Coulter), and their absolute cell numbers were calculated from the percentage of the cells in total lymphocytes. These data were obtained at two time points in each patient: just before the initiation of BR therapy, and 1-2 months after the final administration of BR. Histological analysis was performed on the skin biopsy specimens by standard methods, and anti-CD4 (clone SP35, Ventana), anti-CD8 (clone C8/144B, Dako), and anti-Foxp3 (clone PCH101, eBioscience) antibodies were used for immunohistochemistry. Multiplex polymerase chain reaction (PCR) assays for comprehensive viral screening were performed as described previously [14] . Serum hepatitis B core (HBc) antibody was examined by chemiluminescent enzyme immunoassay (Fuji Revio), which was performed in the routine clinical laboratory. This study was approved by Institutional Review Board of Kyoto University Hospital and performed in accordance of the ethical standards of institutional research committee.
Results
The overall response rate of BR therapy was 94.1 % (CR in 20 patients, PR in 12 patients), and SD and PD occurred in 1 patient each. Fourteen patients (41.2 %) experienced a skin reaction during or after chemotherapy. In 3 patients, skin reactions appeared transiently; they appeared as an allergy to sulfamethoxazole-trimethoprim, an iodine allergy on receiving contrast-enhanced CT, and non-specific eczema, all of which were resolved within 2 weeks by the cessation of causative drugs and/or topical steroids.
Eleven patients (32.4 %) developed late-onset skin reactions. They appeared during chemotherapy in 7 patients and after the completion of chemotherapy in 4 patients, and persisted for several months (median 4 months; range 2-15 months; Fig. 1 ). Most of them appeared as a maculopapular rash resembling insect bites (Fig. 2) ; they were pruritic, multifocal, and recurrently induced by stimulations such as alcohol drinking, bathing, and sunburn. Macular erythema (case #6) and blisters (case #9) were also observed. In case #8, multiple punched-out ulcers developed in the lower extremities after the typical maculopapular rash had resolved, and this patient was diagnosed with polyarteritis nodosa and was treated with oral steroids for 2 years. Skin biopsies were performed in 3 patients with these late-onset skin reactions, and their histologic diagnoses were spongiotic/interface dermatitis. The elongation of rete ridges with liquefaction degeneration, and perivascular infiltration of lymphocytes and eosinophils were observed (Fig. 3a, b) . Infiltrating lymphocytes were mainly CD4-positive cells (Fig. 3c, d) , but a few of them were Foxp3-positive (Fig. 3e ), suggesting that a relative decrease in regulatory T cells may play a role in the pathogenesis of skin reactions. Clinical comparison between the patients with and without late-onset skin reactions showed no significant difference in the age distribution, disease subtypes, or response to chemotherapy (Table 1) . Concurrent use of systemic steroids did not clearly affect the frequency of skin reactions either. Laboratory data after the completion of chemotherapy showed no difference in the numbers of total white blood cells, neutrophils, and eosinophils between these groups, but there was a trend for a higher level of lymphocytes in the eruption-positive group (median, 1030 vs. 700/μl) (Fig. 4a, b) . Although lymphopenia is a well-documented hematological adverse effect of bendamustine, lymphocytes were increased in some patients after chemotherapy. To clarify which subset is responsible for the difference, we analyzed CD4 + and CD8 + T cell numbers in 13 patients; 6 eruption positive and 7 eruption negative. While CD4 + cells were invariably suppressed after chemotherapy in both groups (median, 118 vs. 101/μl), CD8
+ cells were rather increased, and there was a trend for a higher level of CD8 + cells in the eruption-positive group (median, 889 vs. 419/μl; p = 0.0513, Mann-Whitney U test) (Fig. 4c,  d) . As a result, the CD8 + :CD4 + T cell ratio was higher in the eruption-positive patients (median, 7.1 vs. 5.1; p = 0.138, Mann-Whitney U test) (Fig. 4d) . As for the serum IgG level, there was no significant difference between these groups (Fig. 4e) .
We hypothesized that the CD8 + T cell increase in the patients with late-onset skin reactions may be caused by chronic immune activation by some underlying physical conditions. HBc antibody is an indicator of the past history of hepatitis B virus (HBV) infection, and its presence is recognized as a risk factor for HBV reactivation after immunosuppressive therapy [15, 16] . We found that HBc antibody examined before chemotherapy was positive at a higher frequency in the eruption-positive group (36.4 vs. 16.7 %; Table 2 ). In addition, we performed comprehensive viral screening by multiplex PCR assays of the frozen sera of 13 patients stored after BR therapy [14] . Although we could not detect HBV-DNA in any of the samples, we detected cytomegalovirus (CMV)-DNA in the sera of 2 out of 6 patients in the eruption-positive group (case #4 and #7), but none in the eruption-negative group (Table 2) . It is speculated that persistent skin reactions may be associated with the imbalanced activation of CD8 + T cells by latently infected pathogens under CD4 + T-cell-deficient conditions.
Discussion
Although bendamustine was first designed in the former German Democratic Republic and used for over 40 years, its toxicity profiles have not been well documented until recently, when it has come to be used broadly for its high effectiveness against indolent B cell malignancies [17] . Several clinical trials have suggested that skin toxicity is one of the characteristic side effects accompanying bendamustine treatment, while it has often been attributed to the concurrent use of other dermatotoxic drugs such as rituximab, allopurinol, or sulfamethoxazole-trimethoprim. However, bendamustine monotherapy has also been reported to cause skin toxicity, indicating that bendamustine itself has dermatotoxic activity. As few of the skin reactions of bendamustine are severe, no detailed information has been reported, except for some case reports of atypical, detrimental skin reactions [11] [12] [13] . In this study, we have focused on the most common skin toxicity of late-onset, pruritic skin eruptions caused by bendamustine. One of the factors probably causing the late-onset skin reactions with bendamustine is severe CD4 + T cell suppression. Pruritic papular eruptions are known as a frequent comorbidity in patients with human immunodeficiency virus (HIV) infection [18, 19] , and they are related to severe immunosuppression, with CD4
+ T cells at less than 200/μl [20] . Pruritic skin papules have also been described in a patient with idiopathic CD4 + lymphocytopenia [21] . In HIV patients, a decreased number of regulatory T cells (Tregs) are reported to be associated with a disturbed immunological condition, and depletion of Tregs maybe one of the common mechanisms of the skin reactions in a CD4 + -deficient state. On the other hand, the peripheral eosinophil count was not associated with adverse events of the skin, although skin biopsy demonstrated eosinophil infiltration at this local site.
Immune reconstitution syndrome (IRS) is an excessive immune reaction triggered by latently infected pathogens that occurs when immunocompromised patients recover immune function [22] . One of the well-known situations in which IRS occurs is in HIV patients at the initiation of combination anti-retroviral therapy (cART). IRS is reported to be caused by many kinds of pathogens, such as herpes viruses, CMV, HBV, mycobacteria, and cryptococci, and steroid therapy is effective for suppressing these inappropriate immune activations. Late-onset skin reactions of bendamustine are considered to be multifactorial, but it can be speculated that at least some of them develop as IRS-like reactions. In case #4, CMV-DNA was positive in the serum obtained at the end of BR therapy, but it was not detected in the serum obtained 5 months later when the patient suffered from skin eruption. In IRS, similarly, there is often a time lag between the increase in viral load and immune reactions [22] . Although we could only detect CMV by viral screening PCR of the frozen sera, other cell-associated viruses such as HHV-6 might also be subclinically Solid and dotted lines demonstrate the lymphocyte numbers in the patients with (n = 11) and without (n = 22) late-onset skin reactions, respectively (a patient without skin reaction was excluded from this data set as she had leukemic disease before chemotherapy).
c Changes in the CD4 + and CD8 + cell numbers before and after BR therapy. Solid and dotted lines demonstrate those in the patients with (n = 6) and without (n = 7) late-onset skin reactions, respectively. d CD8 + T cell counts and CD8 + :CD4 + cell ratios after BR therapy in the patients with and without late-onset skin reactions. e Changes in the serum IgG level before and after BR therapy in the patients with and without late-onset skin reactions, as shown in (c) activated. The difference in the frequency of skin reactions of bendamustine between Asian and Western populations may possibly be explained by the different prevalence of latently infected pathogens in these ethnic groups. Skin reactions of bendamustine seem to be largely decreased by the concomitant use of 8-12 mg of dexamethasone as an antiemetic, as suggested by the NCCN guidelines (personal communication). Although our retrospective data did not show the protective effect of steroids, we consider that this is probably because of the use of smaller doses, and the suppression of CD8 + T cells by steroids possibly avoids the occurrence of skin reactions. However, as CD8 + T cells comprise the major population of lymphocytes after BR therapy, there is also concern that the suppression of CD8
+ T cells by steroids may increase the risk of opportunistic infections.
Our results suggest that the increase in CD8 + T cells is related to adverse skin reactions after bendamustine treatment, but presently it is not clear whether they are only harmful or work preferably for suppressing infections or malignancies under the condition of CD4
+ and B cell deficiency after BR therapy. Further information should be accumulated for improved management of the skin toxicity, as well as other complications, of bendamustine.
